There are 1.3 billion people living without electricity, a large portion of which is in the bottom of the economic pyramid. Rural electrification via photovoltaic systems is one possible solution to alleviate their poverty. The aim of this article is to qualitatively investigate the potential for the transition towards off-grid photovoltaic systems. Two interrelated aspects are specifically investigated: photovoltaic system price and relative advantages for rural adopters. It has been shown that apart from the price, there are other advantages that can motivate rural inhabitants to adopt photovoltaic systems.
Introduction
Energy access has a profound impact on development and poverty alleviation. As a result, it should be placed as a priority in a global level [1] . In particular, providing access to electricity can improve living quality in terms of health, education, income and environment [2] . Global demand for electricity grows rapidly -almost double that of the total energy consumption. This rising demand together with the anticipated cut back in nuclear power generation, arose after the incident of the Fukushima Daiichi plant in Japan in 2011, emphasize the strive for alternative electricity source. According to the World Energy Outlook 2012, there are 1.3 billion people living without electricity [3] . Another 1 billion have sporadic access [4] . A large portion of those populations is in the bottom of the economic pyramid. Their poverty can be alleviated by electrification. However, today's electrification process is encountering the challenge of environmental concerns. In addition it has been acknowledged that several developed countries have been locked-in in the traditional source of fossil fuels. Therefore, electrification process should be leapfrogged directly towards renewable energies [5] . Among all the renewable alternatives, solar energy has the highest growth in contributing to electricity generation at 42% during 2000-2010 and is expected to increase 26-fold during 2010-2035 [3] . Rural electrification via photovoltaic (PV) systems is one possible solution. Although PV systems have been used for rural electrification since 1960s [6] , there are still a large number of people who have not benefited from the diffusion of this technology. One reason may be due to the perceived high cost of PV systems by policy makers.
Academically speaking, economics is an inevitable component in the analysis of diffusion of energy technologies, and of course, not least for PV systems [7] . According to a UNDP report [8] , financial mechanisms to support rural electrification via PV systems can be elaborated under three actors: customers, companies and financial organizations. Different actors exercise their own distinct financial mechanisms. This article investigates the financial mechanism features associated with customers or adopters.
Despite the need for sustainable form of energy, researches on the diffusion and adoption of energy technology still lack theoretical and generalization advancement [9] . Thus, this article aims to bridge this gap by investigating the potential for the transition towards off-grid PV systems for rural electrification in the general context without using any specific case. One of the most important indicators that lead to the adoption of the new technology is relative advantages which are the perceived advantages from the adopters' point of view in comparison to the existing alternatives. They usually shed positive effect on the customer acceptance and, as a result, adoption of the new technology takes place [10] [11] [12] . In addition to the benefit for society at large, the relative advantages must have personal relevance for the adopters [9] . Although these advantages are almost always associated with economic gain or loss, there are also other advantages. Thus this study explores the potential advantages directly affecting individual adopters. Two interrelated aspects are specifically investigated: PV system price and relative advantages for rural adopters. Connected to these two aspects, there are two sub-research questions: what are the main factors that have major impact on the price of PV systems? and what are the relative advantages for adopting PV systems among rural users? The discussion on price and advantages is relevant to the diffusion of energy technologies as they are the driving force for the adoption especially for the adopters in the bottom of the pyramid (BOP) market. These adopters have very limited income and require different strategies compared to other groups of adopters [13] .
Methodologically, this study qualitatively investigates the transition when rural inhabitants switch from traditional energy sources to off-grid PV systems. Those traditional energy sources are, however, often not in the form of electricity but come in other forms of energy that can be replaced by electricity access. Attempts have been made to identify the potential factors that exhibit strong impact on the transition in rural context. The article also strives to provide a finding that can be generalized to bridge the research gap mentioned above. Consequently, the analysis is on the general context of off-grid PV systems for BOP adopters without specifying community or country cases. However, some specific examples are given to render readers a better understanding of the context. The information employed in the analysis is based on previous studies and also author's empirical research in Thailand and Bangladesh. The adopters that are the focal attention of this article are individual adopters in the BOP market.
The next section discusses the factors that affect PV system price. Section 3 elaborates on the relative advantages that the rural inhabitants may gain from adopting PV systems. The article ends with finishing remarks regarding conclusion, limitation, policy implications and potential for future research.
PV system price
This section investigates the factors affecting the retail price that rural adopters in the BOP need to pay in order to adopt PV systems. It should be noted that the global PV price does not necessarily correlate with the actual retail price that rural inhabitants have to pay. When the global PV price goes down, the retail price does normally follow the same trend but not necessarily the same magnitude. However, understanding the basic structure of manufacturing price is deemed necessary because it is linked to the retail price. Historically, installed PV price went down from 4.90 USD/W in 1998 to 1.28 USD/W in 2011, which is almost fourfold. The decline was robustly sharp after 2008 [14] . This rapid price drop makes PV systems become an attractive energy technology. However, the significant price decline has not been well perceived by policy makers [15] . To provide policy makers a better and simpler insight to this technology, this article attempts to discuss on two distinct features that have profound impact on the PV system price: cost in conjunction with performance and government incentives [16] . These two aspects are chosen to explain the price for individual rural adopters because they play profound impact on the retail price. When the cost and the affordability do not correspond, government incentives function as a complementary element for the BOP adopters.
Cost and performance
When discussing the cost of PV systems, it is often centered on two components: i.e. PV modules and balance of system (BOS) costs [16] . BOS covers all other parts of PV systems apart from the PV modules that are essential for the PV systems to function. Those parts are, for instance, inverter, battery and frame. For residential and commercial systems, PV modules used to account for about half of the total system cost. However, the price of PV modules has significantly declined. This makes BOS take up two-thirds of the total system cost [17] . The most common way to describe the PV system price is the price per watt [15] . This is closely linked to the performance. The performance in PV technology (e.g. efficiency and lifetime) has increased significantly. The increase in efficiency lowers the electricity price per watt produced from PV systems [18] . Three main mechanisms behind the decline of PV system cost are identified as follow: (a) technological advancement; (b) change in production system; (c) experience curve.
Technological advancement can be found in both PV modules and BOS. For PV modules, it can also reflect through the improvement in efficiency. PV technology can be categorized into three generations. The first generation is crystalline silicon technology which is fully commercial [16] . It occupies 85% of the market share [19] . Silicon is the main material for this PV generation. The development of nanotextured silicon or commonly known as black silicon greatly increases the efficiency as it has very low reflectivity of only 1-5% [20] . Most of this first PV generation available commercially have an efficiency around 13-19% with the lifetime of more than 25 years [18] . The second generation is thin film technology which is still in the early market deployment [16] . Its manufacturing is highly automated. While efficiency of crystalline silicon type decreases when the temperature rises, thin film PV technology is more stable which makes it suitable for utilization in tropical areas. However, thin film PV systems have lower efficiency than crystalline types which results in larger surface required for producing the same amount of electricity [19] . Commercial efficiency is about 6-12% with 25-year lifetime. The latest development is often referred to as a group of the third generation PV technology. This type of PV are still used mainly at lab scale and not yet widely commercialized. Examples of the technologies are concentrating PV systems, dye sensitized cells and organic materials [see e.g. 16, 21] . This generation has potential to offer high performance at a lower cost [18] . Apart from the development of the PV technology, there is also development of BOS such as battery and LED technology which have an impact on PV system cost [22] . The development of BOS for electricity storage can stimulate the adoption of PV systems [18] particularly on off-grid electrification because those adopters rely only on electricity production from the PV systems.
Change in the production system contributes significantly to the decline of PV system price. Firstly, PV manufacturer has the advantage of the economies of scale due to larger demand and higher production capacity [23] . The growth of PV market during the recent years has been extraordinary in terms of total installed capacity which increased from 1.4 GW in 2000 to 70 GW by the end of 2011 [18] . Only within 2011, global PV capacity increases 74% from 40 GW to 70 GW [22] . Secondly, production sites have shifted over the decade from the US to Japan to Europe and lately to Asia [22] . China has become the main manufacturer and occupied the majority of new PV installations which accounts for 28% of global market share in 2011 [24] . In that same year, 11 out of the top 15 PV module manufacturers are located in China [22] where the labor cost is significantly lower than Europe and US.
Experience curves are used to explain the decline price of both goods and services manufacturing with cumulative production growth. For PV technology, it has benefited from the experience of solar industry since 1960s. Experience curve is more commonly applied on PV modules than BOS. Calculating the effect of experience curves for BOS is more complicated due to its heterogeneity. Previous studies have shown that the experience curve can lower the system cost [17, 25, 26] . In theory, the effect from economies of scale is not the same with the effect from experience. In practice, however, both are difficult to separate [26] .
Government incentives
Government policy can have both negative and positive impact on PV system price. Negative impact on PV system price means that the government incentives favor other competing technologies and push down their prices. Positive impact is evidenced when the incentives favor PV systems and result in lower price of PV systems.
In spite of the effort and growth in shifting towards low-carbon energy sources, fossil fuels are still dominant in global energy system. In 2011, subsidies on fossil fuels globally are 523 billion USD which are six times higher than renewable energies which stand at 88 billion USD. The high subsidies on fossil fuels are largely driven by rising oil prices. These large subsidies favor fossil fuels to continue dominating the market and make renewable energies become less competitive [3] . It may be argued that a part of the high subsidies has originally been intended to favor people in the BOP in developing countries because energy from fossil fuels is a basic need for the poor. However, these subsidies cannot guarantee that the benefit will fall on the poor because it cannot distinguish the higher income consumers from the very needed adopters in the BOP [27] . According to the World Energy Outlook 2011, only 8% of the fossil fuel subsidies in 2010 benefited the poorest 20% of the population [28] . Subsidies on diesel and kerosene are examples of incentives on fossil fuels in the developing country context. Diesel is used in rural areas for electricity generation and for running engines for other purposes such as water pumps. Kerosene lamps are the main in-door light source in the areas without electricity. In Bangladesh, both kerosene and diesel are heavily subsidized by the government. These subsidies on fossil fuels lower the financial benefit among potential adopters to purchase PV systems.
On the other side, subsidies can also provide positive impact on PV system price. It has been shown in previous studies that government subsidies can help eliminating high up-front cost and make PV systems affordable for rural inhabitants [see e.g. 27, 29] . Being driven by several government programs at the national and provincial level, China has become one of the main global markets. By 2016, the total installed capacity in China alone is expected to reach more than 35 GW [24] . As of 2011, Grameen Shakti (a rural energy company in Bangladesh) had tax exemption for imported PV modules and also received 35 USD per installed off-grid PV systems. Rural market for PV systems in Tibet is strongly driven by subsidies. The inhabitants pay fee between 0-150 USD for 10 or 20 watt systems. Comparing to the city of Lhasa where subsidy is non-existent, the sales of PV systems are significantly lower than the subsidized rural areas [29] . In the global level, Clean Development Mechanism (CDM) of the Kyoto Protocol favors the transition towards low carbon energy in developing countries. CDM provides abatement cost for solar projects at 280 USD/tonne of carbon dioxide equivalent [30] . Firms in developing countries use the advantage of this policy to expand their rural PV projects by lowering the retail costs which makes the price more affordable for the rural inhabitants.
As discussed above, government incentives can have a profound impact on the competitiveness of PV systems and also other renewable alternatives. Since 2010, many countries have already started planning and executing the incentive reform to reduce fossil fuel subsidies because they yield unintended negative effects such as market distortion and economically inefficient resource allocation. If the high fossil fuel subsidies are reduced and the incentives favoring renewable energies are increased, which has already happened in several countries such as G20 and APEC members, renewable energies will undoubtedly become more competitive [28] .
Relative advantages of adopting PV systems
PV systems have obvious environmental benefit. During operation, there is no emission of any environmentally hazardous substance [31] . Negative externalities of PV systems are phenomenally less compared with fossil fuels. However, previous research shows that the strategy to promote environmentally friendly technology does not rely solely on the improved environmental quality itself. More importantly, encouraging desirable advantages that directly affect the adopters is highly relevant. Ottman et al. [32] referred to this as consumer value positioning. The relative advantages of the transition towards PV systems cover more than the advantages that can be captured in an economic term. These advantages also vary greatly among individuals and communities. This article focuses on the advantages for individual adopters in the BOP market which can be distinguished into economic and non-economic advantages. The advantages are not investigated in numerical term but the discussion in this section can provide the readers with an insight regarding potential advantages derived from the applications of PV systems for rural electrification. The author is fully aware that electrification can also yield negative impacts such as larger disparity within the community. However, these aspects are not the focus of this study.
Economic advantage
Price has been shown to be a fundamental relative advantage that motivates adopters to seek for a new technology. The adoption may lead to cost reduction or higher profit gain [33] . This rationale also applies to PV systems. The transition towards off-grid PV systems has economic advantages that can be distinguished to two different yet interrelated aspects: cost reduction and income generation.
Switching energy sources to PV systems can lead to cost reduction compared with other competing technologies that already exist in rural areas. PV systems are a good alternative to combat with price fluctuation of oil. Many developing countries are net importer of oil. Using PV systems allows them to become independent from this limited energy source since the sole source of energy input for PV systems -solar energy -is renewable and more than abundant. Kerosene lamps are the major light source in rural areas. By using PV systems to generate indoor lighting, the adopters can save money for kerosene which takes up a large portion of monthly income [29] . Another example is the use of mobile phones which has spread rapidly even in the areas with no electricity supply, especially in Africa. The rural inhabitants need to pay high fee to charge their mobile phones from charging stations. Those who adopt PV systems would no longer need to pay high fee for charging their phones [34] . Moreover, the cost for conventional offgrid electricity generation such as diesel generators is usually very high [35] . For example, life cycle cost per energy unit from diesel generators is higher than PV systems in rural Bangladesh [36] .
Productive use of PV systems can also lead to income generation [37] . Having access to electricity increases opportunities for small-scale business [29] . People can work longer and can also use electrical devices to increase productivity and efficiency compared to working manually. For example, store owners in rural Bangladesh revealed in the interviews that their stores can have longer opening hours, thus earning higher income. Another store owner uses electricity from PV systems to power an electric sewing machine, enabling him to sew and sell more cloths per day. Facilitating the ease of energy access for increasing electricity consumption should be motivated under the norm of productive use [1] . This has been practiced in some rural electrification projects such as in rural Bangladesh [38] and Uganda [34] .
Non-economic advantage
Non-economic advantages that are directly positioned towards the adopters -such as health, status and convenience -can have positive impact on the adoption [32] . These advantages of using PV systems for rural electrification are numerous. Electricity can foster the development of the areas via better education and higher living standards. This cannot be shown in monetary term, but desirable benefit can be seen via the improvement in the human development index (HDI), which has been shown to positively correlate to the accessibility of electricity [see e.g. 39] . Kerosene is the main light source as mentioned in the previous section. However its usage is accompanied by a dangerous disadvantage. Its fumes are hazardous for respiratory systems and eyes [29] . Replacing kerosene lamps with PV systems can thus yield health benefit. Compared to other competing technology such as wind power, PV systems are easier to install and do not require collective decision-making. Once an adopter decides to use PV systems, it can be installed rapidly. Having access to electricity can also lead to women empowerment especially in Muslim communities where women are highly dependent on men and have very limited social environment. In rural Bangladesh, access to electricity generates more income which enables women to be less dependent on their spouses. In the remote mountain village in northern Thailand, PV systems are used to power televisions which enables rural inhabitants to receive news from outside of the village and become less isolated. It is also used for education purpose to provide lighting in evening classes [40] . These noneconomic advantages can also be referred to as social wealth which is in fact the main advantage targeted by social entrepreneur working with rural electrification.
An application of PV systems that has both economic and non-economic advantages is water pumping systems. PV water pumps are widely used in rural areas, especially in tropical regions. In India, experiments on PV water pumps have already taken place since 1970s. Regarding economic advantages, powering water pumps via PV systems has been proven to be cheaper than via diesel. Using water pumps can also generate more income for agricultural land. Regarding non-economic advantages, having easy access to water is considered as basic needs. It improves living quality and augments socio-economic development [6, 41] .
Concluding remarks
The aim of this article is to investigate the potential of the transition from traditional energy sources towards off-grid PV systems. The main factors that contribute to the rapid decline of PV system price were discussed. However, such rate of decline will most likely not continue forever because both technology breakthroughs and the shift in production system have already taken place. The price can still continue to drop but probably at a slower pace. Several aspects on the relative advantages for adopting PV systems were also discussed. It has been shown that apart from economic advantages there are other advantages that can motivate rural inhabitants to adopt PV systems.
There are several limitations in this study. Firstly, accurate unified data on global PV system price are not available. This is because there is a large difference in price structure, not only from one country to another, but also even in the same country [16] . Moreover, this market is progressing on a monthly basis [18] . Secondly, there is a limitation on discussing advantages. There are numerous differences regarding the application of PV systems across individual adopters. This article does not attempt to provide a quantified answer to how much the advantages are. Instead, the investigation reveals that the advantages span across various features that cannot be measured only by economic gain. Social wealth is a very important advantage. It should also be noted that this analysis is conducted qualitatively. The research questions are not answered quantitatively by providing statistical calculation of the price and advantages.
The contribution of this study is the identification of factors that can affect the transition through the use of PV systems for rural electrification with an emphasis on the adopter side. This study can be used as a starting point for analysing suitable financial mechanisms for rural electrification [8] as it lists out "what" needs to be considered rather than its extent.
Potential future research connected to this study is to employ modelling technique to draw quantitative conclusion on the cost that rural inhabitants need to pay comparing to the relative advantages they may gain. Also, it is worth investigating conditions under which the PV systems can become the best alternative economically. Even though the mentioned non-economic advantages do not have direct economic cost, it is possible to quantify them [see e.g. 2]. Possible modelling techniques suitable for this research are least cost optimization modelling and multi-criteria analysis. They have been shown to provide concrete and practical policy implications [see e.g. 42] .
